Ferroelectric interfaces are unique model objects for fundamental studies of polar surface properties such as versatile screening mechanisms of spontaneous polarization by free carriers and possible ion exchange with ambient media. The effect of ionic adsorption by electrically-open (i.e. non-electroded) ferroelectric surface on polarization reversal in the ferroelectric had been investigated experimentally and theoretically, however the effect influence on the temperature behaviour of polarization hysteresis remains unexplored. Also the comparative theoretical analysis of the ferroelectric hysteresis for linear and nonlinear electronic screenings, and strongly nonlinear ionic screening of the spontaneous polarization was absent.
I. Introduction
Electrically-open (i.e. non-electroded) ferroelectric interfaces are unique model objects for fundamental studies of polar surface properties such as versatile screening mechanisms of spontaneous polarization by free carriers and possible ion exchange with ambient media [1, 2] .
As a matter of fact the conservation of spontaneous polarization in thin ferroelectric films usually results from either complete screening of polarization by ideally conducting electrodes, or from the emergence of the multidomain states in order to minimize the depolarization energy [3, 4, 5] in the case of incomplete screening by semiconducting electrodes, ultra-thin dead layers or physical gaps [6] , leading to the non-zero spatial separation between polarization and screening charges [7, 8, 9, 10, 11] . The physical origin of natural dead layers and ultra-thin gaps is the unavoidable contamination of electrically-open ferroelectric surface that becomes paraelectric and provides maximally efficient electric screening of the polarization bound charge [12, 13] .
Because of the long-range nature of depolarization effects the incomplete screening of ferroelectric polarization in the presence of ultra-thin dead layers and gaps leads to nontrivial domain structure dynamics [14] . These in turn causes unusual phenomena near the electrically opened surfaces and interfaces such as correlated polarization switching, formation of fluxclosure domains in multiaxial ferroelectrics [15, 16, 17, 18] , domain wall broadening in uniaxial [19, 20] and multiaxial ferroelectrics [17, 18] . Further examples of these behaviours include the crossover between different screening regimes in ferroelectric films [21, 22] and p-n junctions induced in 2D-semiconductors [23] separated by the ultra-thin gap from the moving ferroelectric domain walls. Notably the thickness of dead layer or gap should be small enough and its dielectric permittivity value should be high enough to prevent the dielectric breakdown when the voltage is applied to the film electrodes [24, 25, 26] .
Most of the early papers, which consider the polar properties of ferroelectrics with electrically-open surfaces and interfaces, totally ignored nonlinear character of screening charges inherent to all self-screening mechanisms. Recent examples of linear screening consideration can be found in Refs. [17, 18, 27] , where the authors studied the polar properties of thin ferroelectric Probably one of the most studied nonlinear models of the screening charge layer is the Fermi-Dirac (FD) density of states corresponding to the electron gas in a two-dimensional (2D) semiconductor (see e.g. Refs. [30, 31] for a single-layer graphene on a ferroelectric film). The FD charge density ( ) ( [34, 35, 36] . This coupling between ionic electric field and electric polarization in the film results into non-trivial effects on ferroelectric phase stability and phase diagrams [1, 33] . In general case the polar state of ferroelectric film in contact with atmosphere is undefined due to the presence of mobile electrochemically active and physically sorbable components at the interface [37, 38] .
Recently, we modified the SH approach [33] allowing for the presence of the gap between the ferroelectric surface covered by ions and the SPM tip [39, 40, 41] . The analysis [39 − 41] leads to the elucidation of the ferro-ionic, anti-ferroic and electret-like non-ferroelectric 4 states, which are the result of nonlinear electrostatic interaction between the single-domain ferroelectric polarization and absorbed ions with the charge density described by Langmuir adsorption isotherm. The properties of ferro-ionic states were described by the system of coupled equations. Further we study the stability of ferro-ionic states with respect to the domain structure formation and polarization reversal scenarios and reveal unusual dependences of the film polar state and domain structure properties on the ion formation energies, their difference, and applied voltage [42] . The electric field-induced phase transitions into ferro-ionic and anti-ferroionic states are possible in thin films covered with ion layer of electrochemically active nature.
We can conclude from the above review that the impact of ionic adsorption by electrically-open ferroelectric surface on polarization reversal in the ferroelectric had been investigated experimentally [1, 33 -36, 39, 43, 44, 45, 46] and theoretically [1, 33, 39 -42] , however the effect influence on the temperature behaviour of polarization hysteresis remains unexplored. Also the comparative theoretical analysis of the ferroelectric hysteresis for linear and nonlinear electronic screenings, and strongly nonlinear ionic screening of the polarization was absent.
To fill the gap in the knowledge, in this work we study the free energy relief of a thin ferroelectric film covered by a screening charge layer of different nature and ultra-thin gap separating the film surface from the top biased electrode. We calculate hysteresis loops of polarization and screening charge at different temperatures. The dependence of the screening charge density on electric potential was considered for three basic models, namely for the linear BS electronic surface states, nonlinear FD density of states describing two-dimensional electron gas at the film-gap interface, and strongly nonlinear SH model describing the surface charge density of absorbed ions by Langmuir adsorption isotherms.
The manuscript is structured as following. Basic equations with boundary conditions and analytical expressions for the BS, FD and SH charge densities are discussed in section II. Free energy of the system is considered in section III. The impact of the surface screening nature (on example of the basic screening models) on thermodynamics of the polar and charge states is analyzed in section IV.A. The influence of the screening model on the quasi-static hysteresis loops of polarization and screening charge at different temperatures is discussed in section IV.B. Section V is a brief discussion and conclusions. Electrostatic problem, description of physical variables and their numerical values are given in Appendixes A and B, respectively.
II BASIC EQUATIONS AND MODELS OF THE SCREENING CHARGES 2D-

DENSITY
Let us we consider the system consisting of electron conducting bottom electrode, ferroelectric film covered by screening layer with 2D charge density , ultra-thin gap (or ( ) ϕ σ dead layer) separating the electrically-open surface of the film from the top electrode (either ion conductive planar electrode or flatted apex of SPM tip), as shown in Fig. 1(a) . The film-gap interface provides direct exchange of screening charges with ambient media. Mathematical statement of the problem is listed in Refs. [40, 41, 42] , as well as in Appendix A. , where background permittivity ≤ 10 [12] . The dielectric permittivity is related with the ferroelectric polarization via the soft mode. The evolution and spatial distribution of the ferroelectric polarization is given by the time-dependent LGD equation [40] [41] [42] :
In Eq.(1), the Γ is kinetic coefficient; To describe the screening charge dynamics, we propose a relaxation equation [40, 41] , 
where is the effective screening length introduced in Refs. [17, 18, 27] . The schematic Fig. 1(b) by black line. II. Fermi-Dirac (FD) density of states corresponding to the 2D electron gas. The electronic gas is characterized by the charge density, 
(see e.g. Refs. [30, 31] ). Using the expressions for ( ) ε n g 7 and (characteristic for e.g. graphene charge density) and their Pade-exponential approximation derived in Ref. [23] , the screening charge density acquires the form:
where is the Fermi velocity of the carrier, the functions are . The schematic dependence of the density (2b) on the dimensionless voltage ψ is shown in Fig. 1(b) by red curve.
III.
Stephenson-Highland (SH) model [33] , that is analogous to the Langmuir adsorption isotherm used in interfacial electrochemistry for adsorption onto a conducting electrode exposed to ions in a solution [50] . The dependence of equilibrium charge density on electric potential ϕ is controlled by the concentration of surface ions
at the interface z = 0 in a self-consistent manner via Langmuir adsorption isotherms:
where e is an elementary charge, is the charge of the surface ions/electrons, 
, and then is abruptly increases. Note that the abrupt step-like dependence is left-shifted with respect to 0 = ψ for , symmetric for and right-shifted for (see Refs. [40, 41, 42] ). 
III. FREE ENERGY OF THE SYSTEM FOR DIFFERENT SCREENINGS
In thermodynamic equilibrium, the Landau-Ginzburg-Devonshire (LGD) free energy is the sum of bulk ( ) and surface ( ) parts of the Gibbs free energy of a ferroelectric film, and the energy of the electric field outside the film ( ):
Here are the polarization vector components. The tensor is positively defined for linear dielectrics, and explicitly depends on temperature T for ferroelectrics and paraelectrics. Below we use an isotropic approximation for the tensor coefficients , where T is the absolute temperature,
C is the Curie temperature. All other tensors included in the free energy (3) are supposed to be temperature independent. Tensor determines the magnitude of the gradient energy, and is also regarded positively defined.
relative background dielectric permittivity [12] . Extrapolation lengths
Here, we develop simplified analytical model to get insight into numerically analyzed behaviors of different polarization states. Since the stabilization of single-domain polarization in ultrathin perovskite films takes place due to the chemical switching (see e.g. Refs. [1, 33, 34, 35, 36] ), we can assume that polarization distribution ( )
is smooth enough. In this case, the behavior of the polarization averaged over film thickness 3 P P = and screening charge density can be described via the coupled nonlinear algebraic equations derived in Refs. [40, 41] .
For a given screening charge model the equations for polarization and overpotential are:
The physically justified free energy G, which formal minimization,
and
, gives the coupled equations (4) for polarization dynamics, has the form [42] :
is the coefficient α renormalized by "intrinsic" gradient-correlation size effects (the term ~h g 33 ). The first term in Eq. (5) 
correspondingly. The last term, , is the screening charge energy that's integration over Ψ for the considered models yields 
As one can see the coefficients in Eq. (7) are renormalized by the terms proportional to
Simple analytical expressions like (7) are hardly possible for FD and SH models.
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IV. POLAR AND CHARGE STATES FOR BASIC SCREENING MODELS
Below we will analyze graphically the free energy relief along with its extremals given by (Fig. 2) , FD ( Fig. 3) and SH ( ( )
For BS model one of the symmetric minima of ( )
with almost flat potential well at U = 0 transforms to asymmetric and smooth one shifted away from zero-polarization position P=0 under U increase [compare black, red, magenta and blue curves in Fig. 2(b) ]. For FD-model one pronounced relatively sharp symmetric minimum of ( )
with two inflection regions on it wings exists at U = 0 [see black curve in Fig. 3(b) ]. Under U increase the dependence of on polarization P at first transforms to asymmetric curve with two minima of different shape and one inflection region, and then, into the asymmetric curve with the side global minimum and two inflection regions located on the different sides from the vertical line P=0
[compare red, magenta and blue curves in Fig. 3(b) ].
Free energy G (rel. units) 
Free energy G (rel. un.)
Free energy G (rel. un.) (f) Fig. 1(a) . Linear dependence of the BS charge density σ 0 on acting potential ϕ is shown by black curve in Fig. 1(b) .
From Figure 5 , for temperatures less than Curie temperature T C , there is a hysteresis of ferroelectric type for and the corresponding hysteresis Other parameters are listed in Secondly let us analyze the impact of the screening by two-dimensional Fermi-Dirac electron gas on the quasi-static hysteresis of polarization and charge density in the considered system shown in Fig. 1(a) . Super-linear dependence of the FD charge density σ 0 on acting potential ϕ is shown by red curve in Fig. 1(b) . Fig. 6(a) ] resembles the first order phase transition characteristic for the ferroelectrics in the presence of external electric field inducing polarization at T>T C [53] . A sufficiently high electric field increases the density of FD screening charge that in turn compensates the size effect in a thin film and increases their thickness-dependent transition temperature , and thereby induces ferroelectric-like polarization. At that there is ( ) h T CR a transition through the state with zero polarization for a small field [53] . With the temperature increase up to 400 K the compensation of such kind occurs at much higher electric field and the hysteresis region shifts toward higher voltages. With further temperature increase from 400 K to 500 K the field-induced polarization disappears and the dependence acquires a nonhysteretic form, characteristic of a shallow paraelectric phase, where the film behaves as a nonlinear paraelectric [53] . Allowing for the relationship between ( ) For a 8-nm film, the changes of ( ) U P curves with temperature increase from 300 K to 350 K are characteristic for the polarization of antiferro-ionic type induced by the ions electric field [42] in the paraelectric vicinity of the first-order ferroelectric phase transition [53] .
For a 10-nm film the changes of ( ) U P loops with temperature increase from 300 K to 500 K are characteristic for the transition from a shallow ferroelectric phase with a relatively small coercive voltage to the antiferro-ionic phase at T>350 K, which is characterized by a double hysteresis loop, and then to the deep paraelectric vicinity of the ferroelectric transition (T>400 K), where the polarization becomes field-induced, decreases and eventually disappears by loosing its antiferro-ionic type hysteresis dependence.
For a 15-nm film, the changes of ( ) U P loops with temperature increase from 300 K to 450 K are characteristic for a transition from the ferroelectric phase with a single ferroelectric-type loop with high coercive voltage to the antiferro-ionic state, where the polarization hysteresis double loops of anti-ferroionic type are field-induced. Then the anti-ferroionic hysteresis disappears in a paraelectric phase with temperature increase above 500 K. For a 20-nm film, the changes of loops with temperature increase from 300 K to 500 K are characteristic for a transition from a deep ferroelectric phase with to the antiferro-ionic state at 500 K.
( ) U P
The double hysteretic dependence of ( ) U P with jumps at 300 K for 8 nm film [shown in corresponding to the antiferro-ionic phase, and then, after a transition to the paraelectric phase into a slightly sloping curves. Apparently, these effects are caused by the step-like dependence of the screening charge density in the SH model [see Fig. 1(b) ].
( ) 
Screening charge (C/m 
curve is asymmetric at U = 0 and has relatively sharp minimum in the vicinity of P=0. This minimum shifts away from the position at P=0 under the voltage increase.
We obtained that the temperature behavior of quasi-static polarization hysteresis loops depend on the screening charge density, as resumed below. For BS screening we calculated that polarization loops have conventional ferroelectric square-like shape and undergoes classical 25 second-order transition from the ferroelectric shape to paraelectric curves with the temperature increase. The temperature behavior of the loop shape speaks in favor of the second-order ferroelectric phase transition in a thin BaTiO 3 film covered by BS screening charges, counter intuitively to the thick BaTiO 3 single-crystal that undergoes the first-order phase transition scenario.
For FD screening we revealed the transition from a single ferroelectric-like to double antiferroelectric-like hysteresis loops of the polarization ( ) U P that happens with the temperature increase. Notably, double loops exist in a wide temperature range of about 100 K well beyond the vicinity of Curie temperature. Calculations performed for BaTiO 3 films in this work and for PZT films in Ref. [32] prove that the double loops originate from the nonlinear screening of ferroelectric polarization by 2D-carriers at ferroelectric interface.
Similarly to the case of FD screening charge, the transition from a single to double antiferroelectric-like hysteresis loops of the polarization ( ) 
